Antennal development
Introduction
In Drosophila, antennae, mouthparts, legs and genitalia are considered to be serially homologous ventral appendages (Cohen, 1993) . This means that despite their very different structure and function, they are thought to develop from a common developmental ground state. It is the segment-specific selector gene expression that, acting upon this ground state, defines their specific morphologies (Casares and Mann, 2001; Duncan et al., 1998; Estrada and Sanchez-Herrero, 2001; Joulia et al., 2006) . Of these ventral appendages, the development of the leg is best understood (Kojima, 2004; Morata and Sanchez-Herrero, 1999) . The leg primordium is set aside as a cluster of epidermal cells, composed of a distal population, that expresses Distal-less (Dll) and a proximal one, expressing homothorax (hth), teashirt and escargot (Kojima, 2004) . This early genetic subdivision corresponds to the proximo-distal (PD) telopodite-coxopodite subdivision of the insect appendages proposed by Snodgrass on comparative/evolutionary grounds (Gonzalez-Crespo and Morata, 1996; Snodgrass, 1935) . hedgehog (hh), expressed by posterior cells within the leg primordium, triggers the expression of the decapentaplegic (dpp) and wingless (wg) signaling molecules in anterior cells (Basler and Struhl, 1994; Campbell et al., 1993; Diaz-Benjumea et al., 1994) Jiang and Struhl, 1996; Johnston and Schubiger, 1996; Theisen et al., 1996) . wg and dpp expressions only coincide at the center of the leg disc and it is this confluence of maximal signaling that defines the distal tip of the future leg and triggers growth (Jiang and Struhl, 1996; Lecuit and Cohen, 1997) . The larval development of the leg primordium -called leg imaginal disc -progresses by the successive definition of intermediate domains of gene expression that specify the segments of the leg (coxa, trocanter, femur, tibia and tarsus) are defined (Kojima, 2004) . During late larval life, leg development becomes wg/dpp-independent, and the distal disc tip becomes a source of EGFR signaling, which is responsible of the further segmentation of the tarsus into the five tarsomeres and the terminal claw (Campbell, 2002; Galindo et al., 2002) . Growth and segmentation of the leg also depends on Notch signaling. Activation of Notch by its ligands Delta (Dl) and Serrate (Ser) is necessary for the disc to grow, and the overlapped expression of Dl and Ser in concentric rings defines the position of the joints of the leg segments as the cells immediately distal to these rings (Bishop et al., 1999; de Celis et al., 1998; Rauskolb and Irvine, 1999) . The odd-skipped family of genes, odd-skipped (odd), drumstick (drm) and sister of odd and bowl (sob) are among the Notch targets in legs. These genes are expressed in concentric rings at the prospective leg joints, just distal to the Dl/Ser ring domains (de Celis Ibeas and Bray, 2003; Hao et al., 2003) . A fourth member of the family, brother of odd with entrails limited (bowl), has a more widespread expression pattern (de Celis Ibeas and Bray, 2003; Hao et al., 2003) . Genetic data indicate that bowl is required for the segmentation of the leg, and that the localized co-expression of the other family members allows (probably in a redundant fashion) the activation of bowl at the prospective joints (de Celis Ibeas and Bray, 2003; Hao et al., 2003) . Further molecular and genetic experiments show that, at least during embryogenesis, the product of the gene lines blocks bowl function by directly binding to Bowl and preventing its nuclear accumulation. Drm and likely Odd are able to competitively displace Lines from Bowl, thus allowing Bowl to become nuclear and functional (Hatini et al., 2005) . The distinct antennal development is promoted by the distal maintenance of hth expression in the antennal disc, resulting in the co-expression of hth and Dll. This co-expression selects the antennal fate (Casares and Mann, 1998; Dong et al., 2000) . Compared to the leg, the antenna is a much shorter appendage, with four segments (antennal (a) segments 1-3, plus a distal arista), and functions in olfaction, through the specialization of its a3 segment (Fig. 1) . The antennal disc does not develop as an independent disc, like the leg one, but forms part of the eye-antennal disc complex. This disc comprises cells derived from several embryonic head segments and the unsegmented acron (Jurgens and Hartenstein, 1993) . All the cells of the eye-antennal disc complex express the Pax6 genes eyeless (ey) and twin-of-eyeless during first larval stage (L1), but during L2, only the posterior two-thirds of the complex express Pax6 genes, while the anterior third expresses cut (ct). The L2 ct and Pax6 domains correspond to the antennal and eye discs, respectively (Kenyon et al., 2003) . The smaller size and fewer segments of the adult antenna when compared to the leg correlate with a different expression of the Dl and Ser ligands in antennal and leg discs (Casares and Mann, 2001) . Accordingly, the antennal disc has only two odd-expressing rings, instead of the six present in leg discs (Casares and Mann, 2001) . The different control of growth and segmentation in the antenna indicates that there must be mechanisms operating differently in antennal and leg discs. The fact that bowl has been placed downstream of Notch signal in the elaboration of distal leg patterning (de Celis Ibeas and Bray, 2003; Hao et al., 2003) prompted us to test whether bowl had any function during antennal development, and if it did, whether it was similar to its role during leg segmentation. Our results indicate that, during antennal disc development, bowl has a dramatically different role: bowl is expressed at early stages in the ventral antennal disc, where it prevents inappropriate expression of wg. If bowl is removed, the activation of wg results in non-autonomous antennal duplications. bowl is still required to prevent PD axis duplication in homeotically transformed antennal discs, which indicates that there are genetic differences between head and thorax discs that are selector gene independent.
2.
Experimental procedures 2.1. Drosophila strains and genetic manipulations
, and ey-FLP (III) are described in FlyBase. A third-chromosome insertion of the wg2.4-Z regulatory construct is also used as wg reporter. y, hsFLP122, actin P>hsCD2> Gal4 (Basler and Struhl, 1994) was used in mosaic missexpression. ey-FLP (on the III chromosome) (Newsome et al., 2000) drives flip-recombinase in the eye-antennal disc from L1 stage. To generate bowl-mutant antennae, bowlÀ clones were induced in f; bowl 1 FRT 40A/M(2 L)Z, f + , FRT40A; ey-FLP larvae. In this genotype, the flip-recombinase is expressed throughout the early eye-antennal disc. These clones are given a growth advantage, as they are generated in a minute-heterozygous background (Morata and Ripoll, 1975) . As a result, most eyeantennal disc-derived tissue is mutant and is marked in the adult by the forked (f) bristle marker.
Targeted missexpression was achieved using the UAS/GAL4 system (Brand and Perrimon, 1993) . Lines used were: P{arm.S10} (UAS-armS10, a non-degradable, constitutively- , plus a stripe in the maxillary palp primordium (mxp). Merged and individual signals are shown. These rings likely map to the joints between the head capsule (hc) and the first antennal segment (a1), and between a1 and a2 in the adult head of odd-Z animals stained with X-gal (F; arrowheads). (E) A schematic representation of the eye-antennal disc including the different primordia that form it. ''a'': antenna; ''e'': eye; ''mxp'': maxillary palp; ''md'': mandibular primordium; ''ic'': intercalary primordium; ''hc'': head capsule tissue. (F) Frontal view of a head capsule from an odd-Z adult stained for LacZ activity (blue signal) ''a1-3'': antennal segments 1 to 3; ''ar'': arista. Arrowheads point to Lac-Zpositive joints. ''ic'' and ''md'' indicate the head regions presumably derived from these segments. In this and following figures all discs are oriented with posterior to the left and dorsal up. The bars in (A-D) indicate relative magnification. The scheme in (E) and the contribution of the intercalary and mandibular segments to the adult head (in F) have been adapted from Jurgens and Hartenstein (1993) .
active Arm), P{UAS-lin.H} (UAS-lines), drmScernUAS.cGa (UASdrm) (described in FlyBase), UAS-tkv QD (a constitutively-active form of the dpp-receptor tkv) (Nellen et al., 1996) , UASbowl(1.1) (de Celis Ibeas and Bray, 2003) , UAS-Src-GFP (Kaltschmidt et al., 2000) , dpp-GAL4 (Staehling-Hampton et al., 1994) , ptc-GAL4 (Speicher et al., 1994) . Mosaic expression of ArmS10 was induced in ''flip-out'' clones in larvae of the genotype y, hsFLP122, actin P>hsCD2> GAL4/UAS-armS10, by a 35.5°C heat shock at 24-48 h AEL. Clones were marked negatively by the absence of CD2 (CD2 was induced by a 45 0 37°C heat shock, followed by 45 0 R.T.
recovery prior to dissection). Expression of bowl or drm in tkv a12 mosaics was induced, using the MARCM technique, in larvae of the genotype yw hsFLP122, tub-GAL4, UAS-GFP; tkv a12 FRT40A/tub-GAL80 FRT40A; UAS-bowl (or UAS-drm) by a 37°C, 30 0 heat shock at 24-48 after egg laying. tkv-mutant cells overexpressing either bowl or drm were marked by GFP expression.
In situ hybridization and immunostainings
RNA probes for drm and bowl and in situ hybridization were as in Hao et al., 2003. Antibodies used: Rabbit anti-Bowl (de Celis Ibeas and Bray, 2003) , rabbit anti-b-gal (Cappel), mouse anti-b-gal (Sigma), mouse anti-CD2 (Serotec), rat anti-Dan (Emerald et al., 2003) , mouse anti-Dll (Panganiban et al., 1994) , rat anti-Ey (gift from P. Callaerts), rabbit anti-GFP (Molecular Probes), guinea pig anti-Hth (Casares and Mann, 1998) , guinea pig anti-Odd (Kosman et al., 1998) , rat anti-phosphorylated Mad (Aldaz et al., 2003) , mouse ant-Ptc (Nakano et al., 1989) . Mouse monoclonals anti Ct, Dac, Eya, and Wg (4D4), and rat monoclonal anti Elav are from the Iowa University Developmental Studies Hybridoma Bank. Guinea pig anti-Eyg (Aldaz et al., 2003) recapitulates the expression of eyegone (eyg) in the antenna as analyzed by in situ hybridization or through an eyg-GAL4 insertional reporter (Jang et al., 2003) . We first detect Eyg expression in mid-L3 antennal discs in a medial-distal domain (not shown). Appropriate fluorescent secondary antibodies were from Molecular Probes. Imaging was performed on a Leica SP2 confocal system.
X-gal histochemical staining and mounting of adult cuticle
Pharate adults of the odd-Z genotype were dissected and processed as in (Casares and Mann, 2000) . Dissected heads were mounted in Hoyer's mounting medium: lactic acid (1:1).
Results

Bowl is expressed in the ventral antennal disc early during development
We first analyzed the expression pattern of bowl by in situ hybridization and protein distribution. (In this work, we use the terms ''dorsal'' and ''ventral'' antenna according to the dorsal and ventral territories of the eye disc, adopting the nomenclature most frequently used when referring to the eye-antennal imaginal disc. As a result, the domains of wg and dpp are apparently inverted along the dorsal/ventral axis in the antennal disc relative to the leg disc). In L1 eye-antennal discs Bowl protein is detected in many of the cells of the prospective antenna, with the exception of the most dorsal ones (Fig. 1A) . This expression precedes the definition of the appendage region, which occurs during mid-L2 as marked by the expression of Dll (Kenyon et al., 2003) . In L2 discs, bowl is expressed in the ventral antennal disc region ( Fig. 1B and C), but excluded from the appendage region, marked by the Dll-GAL4 reporter (Fig. 1C) . This domain extends posteriorly to the ventral limit between the antennal and eye lobes and includes the prospective maxillary palp and ventral head territories (Haynie and Bryant, 1986) (Fig. 1H and I ). In late L3 larvae bowl expression resolves into two antennal rings, plus a stripe in the prospective maxillary palp. The pattern of expression of odd, as reported by the odd-Z enhancer trap, is coincident with Bowl at early as well as at later stages (Fig.  1D ). Identical expression patterns in the antenna are also seen for drm (not shown). Histochemical staining of adult heads of the odd-Z reporter strain shows that these two rings likely map to the head capsule:a1 and a1:a2 joints in the adult antenna ( Fig. 1F ).
Removal of bowl function causes non-autonomous duplications of the antenna
To analyze the role of bowl expression during antennal development, we induced mosaic loss of bowl during L1 (24-48 h after egg laying), L2 (48-72 hAEL) and early L3 (72-96 hAEL) through mitotic recombination (see Section 2). Although clones of bowl-mutant cells could be recovered throughout the antennal disc at all stages analyzed, we found that 40 out of 90 ventrally located clones induced in L1 (44%) showed antennal disc duplications (Fig. 2) . Dorsally located clones were normal. The frequency of ventral duplications decreased dramatically after L1: only 2 out of 86 ventral clones showed phenotype when induced in L2 and none was detected in L3-induced clones (N > 50). The overgrowths are characterized by the expression of new domains of antennal PD genes such as ct, Dll or eyegone (eyg) ( Fig. 2A-C) . These duplications can also include both anterior and posterior (hh-expressing) territories ( Fig. 2D and E) . Some of the duplications are non-autonomous and comprise mutant and wild type tissue (for example, see Fig. 2B and E). We next correlated the presence of duplications with the location of the L1-induced clones within the antennal discs. We distinguished two regions: appendage and proximal disc. These two regions are clearly demarcated in L3 discs by a deep fold. We found that 52% of the clones in the appendage region (N = 27) and 41% of those that included the margin (N = 63) showed duplications. We examined in detail 14 duplicated antennae from adult heads containing bowl 1 clones (Fig. 2F , G, I and not shown). Thirteen out of 14 of these supernumerary antennae included the a2 segment as well as more distal segments. Since the a1 is a small cuticle crescent, it is possible that some of these antennae also included this segment but was missed in the microscopic analysis. Therefore, the ectopic antennae generated by removing bowl function contain both proximal and distal segments and are not simply distal bifurcations of the endogenous appendage. Although we cannot mark the adult antennal joints, we performed two experiments to test if bowl was required for their formation. First, we induced y-marked bowl-mosaics and assumed that joints flanked by marked bowl-mutant tissue are in most cases also mutant. In all such cases (n > 10) the a1:a2 joint always developed All joints are normal. In addition, there is a duplication of the a3 segment (one a3 is partly covered by the other a3 in this micrograph) and the arista (arrowhead).
normally (Fig. 2H) . Second, in order to make sure that bowlÀ clones spanned the joints, we generated large bowlÀ clones in f; bowlÀFRT40/f+ M FRT; ey-FLP individuals (see Section 2). Using this method, adult heads are almost completely mutant for bowl, as marked by forked (f) bristles (not shown). These flies often showed antennal duplications, but joints were always normal (Fig. 2I ). This indicates that in the antennal disc, and in contrast with its role in the legs, bowl is not required for the formation of joints, despite its joint-associated expression during mid to late L3.
3.3.
The role of bowl in preventing the development of antennal supernumerary appendages is independent of homeotic information
We have seen that bowl plays different functions in antennal and leg discs. If all developmental differences between antennae and legs were solely due to the differential expression of selector genes, we would then expect bowl to no longer be required to repress supernumerary antennal development if the antenna has been homeotically transformed into a leglike appendage. Such a transformation can be achieved in gain-of-function mutations of Antp (Jorgensen and Garber, 1987; Schneuwly et al., 1987) , in which the ectopic expression of Antp in the antennal disc results in the repression of one of the antennal selector genes, hth (Casares and Mann, 1998; Yao et al., 1999) . Surprisingly, this is not the case. When ventral bowlÀ clones are induced in this mutant background, which normally results in a variable, but usually close to complete, antenna-to-leg transformation (Kaufman et al., 1980; Schneuwly et al., 1987) we still observe supernumerary appendages ( Fig. 3A and B) . In early Antp 73b antennal discs, Bowl-expressing cells also express Antp (Fig. 3C) , which suggests that bowl-mosaics were induced in Antp+ cells. Therefore, the antennal function of bowl reveals a cephalicspecific program that operates in the antennal disc independently of the final appendage identity assigned by homeotic gene expression. Interestingly, eyg, which is normally expressed in antennal but not in leg discs, remains expressed in Antp 73b antennal discs, that are homeotically transformed into legs (Fig. 3B) . This is not due to low Antp expressivity, since the antennal-specific marker dan (Emerald et al., 2003; Suzanne et al., 2003) is repressed in sibling Antp 73b discs
(not shown).
3.4.
bowl is required to repress wg expression in the ventral antennal disc
We have shown that bowl is required during early development in the ventral antennal disc. This ventral region is the realm of dpp signaling (Fig. 4A and B) . If the establishment of the PD axis in the antenna required maximal levels of both wg and dpp signaling, as it has been shown to happen in the leg disc (Lecuit and Cohen, 1997) , then the duplications caused by bowl-mutant cells could be explained by the derepression of wg in the dpp signaling region. We tested this prediction by analyzing wg expression in bowl-mutant cell clones using either an anti-Wg antibody or the wg2.4-Z regulatory construct reporter, which recapitulates most of the wg expression domain ) (compare Fig. 4A and B). Early-induced bowlÀ clones in the ventral antenna derepress wg transcription and protein production ( Fig. 4C  and D) . Wg signal can be detected in some wild type cells surrounding the bowlÀ clones, likely due to the diffusible nature of the Wg protein. Dorsally located clones (that is, in the wg territory) do not have any effect. The cause of the duplications associated with bowl-mutant clones seems to be the derepression of wg, as the sole expression of a constitutively-active form of the wg-signal transducer Armadillo (ArmS10) in the ventral antenna, either in cell clones or driven by a dpp-GAL4 line, causes similar antennal duplications ( Fig. 4E and F). These results indicate that, during normal development, the ventral expression of bowl is required for repressing the establishment of a supernumerary appendage in the antennal disc by preventing the ventral misexpression of wg. In contrast, bowlÀ clones induced simultaneously in the leg discs do not result in wg derepression, but cause abnormal disc folds (not shown), which prefigure the joint defects reported earlier (de Celis Ibeas and Bray, 2003; Hao et al., 2003) .
3.5.
bowl is insufficient to prevent wg misexpression in the absence of dpp signaling It has been previously shown for leg discs that the establishment of the opposing wedges of wg and dpp expression depends on their mutual repression (Brook et al., 1996; Jiang and Struhl, 1996; Johnston and Schubiger, 1996; Theisen et al., 1996) . We verified that this paradigm holds true during antennal disc development, because the loss of dpp signaling in ventral clones mutant for the dpp-receptor thick veins (tkv) result also in wg derepression (Fig. 5A) . Therefore, one possible mechanism to explain the wg derepression caused by loss of bowl is if dpp expression and/or signaling were dependent on bowl function. We tested this point by inducing bowlÀ clones in a dpp-Z background. In bowlÀ clones that cause antennal duplication, as monitored by ectopic domains of the distal antennal marker eyg, dpp-Z expression is still detected within the mutant tissue (Fig. 5B) , suggesting that bowl is not required for dpp expression. Still, it could be that, even though dpp continues to be expressed, the Dpp signal is not properly transduced in bowl-mutant cells. We analyzed this point by examining the expression of two downstream targets of dpp: the signal-activated form of Mad (phosphorylatedMad), the intracellular transducer of the pathway (Newfeld et al., 1997; Wiersdorff et al., 1996) , and brinker (brk), a transcription factor that is repressed by dpp signaling (Campbell and Tomlinson, 1999; Jazwinska et al., 1999; Minami et al., 1999) . bowlÀ cells express phosphorylated-Mad at similar levels as their wild type neighboring cells do, even if the clones cause duplications (Fig. 5C ). brk, monitored by a brk-Z reporter, is still repressed in ventral bowlÀ clones that do not overgrow (not shown). Therefore, bowl is not required for the normal transduction of the dpp pathway.
The fact that bowl is expressed in the ventral antennal disc might indicate that the dpp signaling pathway controls bowl expression. In order to test this point, we ectopically activated (marked by the lack of CD2, green) induce antennal duplications in the ventral disc (arrowhead). Eyg (blue) marks antennal medial-distal domains. The normal antennal primordium is marked by an arrow. (F) dpp-GAL4>ArmS10 L3 antennal disc. drm is detected by in situ hybridization. A new set of drm rings is observed in a morphologically duplicated antenna (arrowhead).
the dpp pathway by driving a constitutively-active form of tkv with ptc-GAL4. In these discs we detect ectopic bowl transcription in the dorsal antenna (Fig. 5D) . Therefore, these results place bowl transcription downstream of dpp. Since the dpp pathway represses wg transcription and bowl expression seemed to lie downstream of dpp, we asked next if bowl was sufficient to repress wg, even in the absence of dpp signaling. We performed two experiments to answer this question. First, using the ptc-GAL4 line, we drove bowl expression in the wg domain. In these discs, the ectopic Bowl protein was detected in the nuclei and at high levels, and yet wg expression remained unaltered (Fig. 5E ). Second, we induced bowl expression in cell clones simultaneously mutant for the dpp-receptor tkv. In ventral bowl+ tkvÀ clones wg was derepressed as in tkvÀ clones (Fig. 5A and F) . Therefore, both experiments indicated that bowl, albeit required, is not sufficient to repress wg in the antennal disc. One possibility to explain this insufficiency was that the experimentally induced bowl levels were not enough to overcome the inhibitory function of endogenous Lines. To counteract this possible inhibition, we drove drm, which is capable of inducing high levels of nuclear Bowl when expressed ectopically in antennal discs and elsewhere (not shown) and outcompetes Lines in binding to Bowl (Hatini et al., 2005) , in tkvÀ clones. In these drm+ tkvÀ cells, wg was still derepressed (Fig. 5G) . These experiments rule out the lack of nuclear localization of Bowl or its functional inhibition by Lines as simple explanations for the insufficiency of bowl to repress wg in the absence of dpp signaling. Taken together, our experiments indicate that bowl expression is activated ventrally by dpp signaling, and that bowl must act in concert with at least one other dpp target to repress wg. 
3.6.
Bowl is also required for the autonomous repression of eye fate in a small domain of the eye-antennal disc Some ventral bowlÀ clones induced during L1 result in the autonomous derepression of the retinal determination gene eyes absent (Bonini et al., 1993; Voas and Rebay, 2004) and the differentiation of the mutant patch as elav-positive photoreceptors (Fig. 6B) . Frequently, adults carrying bowlÀ clones show ventral eyelets (Fig. 6C) , which likely derive from the eya, elav-positive patches we observe in the discs. This effect is seen only when the clones affect the ventral-posterior rim of the antennal disc lobe (37%, N = 63; Fig. 6 ), close to the stem that joins the antennal to the eye disc. We analyzed this ''eye-sensitized'' region in detail and found that it co-expresses both the antennal marker ct (Kenyon et al., 2003) as well as the eye selector gene ey (Halder et al., 1998) (Fig. 6A) . In this region, bowl is required autonomously to repress eye identity and to allow ventral head capsule development instead. Interestingly, when the bowl inhibitor Lines (Hatini et al., 2005) is expressed in the ventral antennal disc, using the dpp-GAL4 driver, either one of two phenotypes could be detected, both in discs and in pharate adults: antennal duplication ( Fig. 7A and C) or formation of ventral eyelets in the head capsule ( Fig. 7B and D) . These results reinforce the idea of a specific requirement of bowl in the ventral antennal disc.
Discussion
During the development of the antennal disc, bowl has two phases of expression: an early expression in the ventral disc, required to maintain wg repressed, and a later one in concentric rings. Both phases have antennal-specific properties. The early bowl expression and function is unique to the antenna. Its expression in rings associated to prospective joints, which recapitulates the ring expression in leg discs, does not seem required for joint formation in the antenna, contrary to what has been described in the legs. In addition, bowl is still required to repress a ventral supernumerary PD axis even if the antenna has been homeotically transformed into a leglike appendage by overexpression of the leg selector Antp. All these results indicate that the development of the head structures deriving from the antennal disc depends not only on the activity of selector genes, but also on a cephalic-specific genetic program. Supporting this claim, we find that the expression of eyg, an antennal-specific marker, is maintained in homeotically transformed antennal discs.
These cephalic vs. thoracic differences might reflect the very different developmental histories of antennal and leg discs. While each leg disc primordium is formed from cells derived from just two adjacent parasegments (or one embryonic segment), the antennal disc is part of a composite disc, the eye-antennal disc, which forms by the fusion of imaginal In black, interactions shared by the leg and antennal discs. In red, antennal-specific ones. A role for Notch signaling in activating Odd genes at these early stages is hypothetical. The gray-and white-boxed areas represent dorsal and ventral antennal disc territories, respectively.
during the early stages of its development. The lack of bowl at this stage would release wg expression which, in turn and with dpp, would trigger the development of a new appendage. The repressive function of bowl might extend to other parts of the eye-antennal eye disc. bowlÀ clones in the ventral region of the stem that connects the antennal and eye disc lobes develop autonomously into eye tissue. In contrast to the antennal suppressing function, bowl is required autonomously to repress eye development. This autonomy indicates that either the signals normally operating to spread retinal differentiation in the normal eye (Treisman and Heberlein, 1998) are not produced in these ectopic retinal patches, or that the wild type tissue is refractory to these signals. At present, we cannot favor either of the two hypotheses. We have noticed, however, that the overexpression of the bowl inhibitor Lines driven by the dpp-GAL4 driver leads to two phenotypic outcomes: antennal duplication or ectopic ventral eyelet. Interestingly, only in one case out of more than 20 discs analyzed these two phenotypes co-occurred. This suggests that the cells in the sensitive region adopt collectively only one two fates, antenna or eye, and that deciding upon one excludes the other. Since wg normally acts by limiting the eye field (Ma and Moses, 1995; Treisman and Rubin, 1995) , eye fate might be blocked in those ventral bowlÀ clones derepressing wg. In addition, we note that this ct, ey-expressing region is particularly prone to develop into eye upon genetic perturbations. For example, it is this region that is preferentially transformed into eye when hth function is removed (Pai et al., 1998; Pichaud and Casares, 2000) or when tsh is ectopically expressed (Bessa and Casares, 2005; Pan and Rubin, 1998) . Perhaps, the unique fact that this region co-expresses antennal and eye determinants makes its fate more ambiguous. In the absence of bowl, hth might tilt the equilibrium towards head capsule or antennal development, while the opposite fate -eye -would be adopted in the presence of tsh and ey. It will be interesting to determine whether functional relationships between bowl and these factors exist to determine specific fates within the eye disc.
Mechanistically, bowl function seems to lie downstream of hh and dpp. In bowlÀ cells associated with an antennal duplication, hh is still expressed (Fig. 3D ) and the Hh-coreceptor patched is normally up-regulated in anterior cells abutting the hh-expressing domain (Fig. 3E) , which indicates correct hh-signaling (Capdevila et al., 1994; Ingham et al., 1991) . Accordingly, wg derepression in bowlÀ cells occurs closest to the P cells, as expected for a hh target gene. In the embryo, bowl has also been placed downstream of hh during the process of epidermal differentiation (Hatini et al., 2005) .
In the antenna, as in the leg disc, the dpp and wg signaling pathways repress each other to establish two opposing wedges of dpp and wg expression (Johnston and Schubiger, 1996; Theisen et al., 1996) . In bowlÀ clones, though, dpp expression, monitored by a lacZ-expressing reporter, is not turned off, despite the induction of wg expression ventrally. Although this might be due to the perdurance of the LacZ product, bowlÀ cells accumulate normal levels of phosphorylated-Mad. This indicates that bowl-mutant cells transduce the dpp signal. Therefore, these results suggest that bowl is required for the mutual repression of wg and dpp in the ventral portion of the antennal disc. Nevertheless, bowl is not sufficient to repress wg in the antenna. We have ruled out simple explanations for this fact, such as low levels of the induced Bowl protein, or its retention in the cytoplasm. We also show that this insufficiency is not due to the inhibition by Lines, because even in the presence of Drm, which prevents Lines from binding to Bowl, this latter is still unable to repress wg. Although further work is required to identify which other factor or factors collaborate with bowl during ventral antennal disc development, the simplest explanation would be that Bowl acts in concert with a factor induced by dpp. This is because bowl cannot block the ectopic wg expression in ventral antennal cells devoid of dpp signal. Nevertheless, when bowl expression is forced in the leg disc using the ptc-GAL4 driver, we observe that wg is repressed by bowl cell-autonomously in the most distal region of the disc, but not in the more proximal domain (Supplementary Fig. 1 ). This result strengthens the idea that bowl acts as a wg repressor. Such repression takes place in the distal part of its domain, closest to the dpp source, which also supports the claim that bowl requires the dpp signaling to repress wg.
We have shown that bowl is expressed in the ventral antennal disc, the realm of the dpp pathway, and that dpp signaling can activate bowl transcription in this disc. These results suggest that high levels of dpp induce bowl which, in turn, is required to prevent inappropriate expression of wg in the antennal disc together with the dpp pathway. Two are the likely sources of Dpp: the wedge of dpp that can be visualized using the dpp-disc enhancer reporters (Blackman et al., 1991) in the antenna, and a ventral disc expression that is controlled by a separate enhancer (Stultz et al., 2006) . This enhancer drives dpp expression in the prospective ventral head region (Stultz et al., 2006) , close to the region where bowl is transcribed in early discs (not shown).
bowl and the related genes odd and drm show a late pattern of expression in rings, similar to the one deployed in leg discs. But contrary to their requirement for leg segmentation, bowl seems to be dispensable for antennal segmentation. A similar situation has been described for the gene dachshund (dac). dac is expressed in the medial segment of both leg and antennal discs, but while loss of dac in the leg leads to the loss of intermediate adult leg structures, the antenna develops normally (Dong et al., 2001; Mardon et al., 1994) . These results might reflect the fact that, although antennal and leg discs have specific developmental programs, the mechanisms for generating the PD axis are shared by both appendages. This mechanism would call a similar battery of genes, even if only a subset of them is effectively used for the development of each appendage. In fact, ectopic activation of the Notch pathway by overexpression of the ligand Delta induces ectopic expression of drm in the antenna (not shown). This indicates that, similarly to what happens in the leg discs (de Celis Ibeas and Bray, 2003; Hao et al., 2003) , ring expression of Odd-family genes in the antenna might also be under Notch control. In this sense, in the antenna the segmentation function might have been taken over by other(s) member(s) of the Odd family, expressed as well in the future joints.
In summary, our results show that the zinc-finger encoding gene bowl is part of a cephalic-specific program that represses appendage formation in the ventral eye-antennal disc. Here, bowl is required to repress wg, downstream of dpp, to prevent the generation of supernumerary antennae. These extra appendages might arise from some silenced primordium in the proximal part of the antenna, which would be normally fated to become part of the head capsule. In addition, bowl also silences the development into eye of another cell population of the prospective head that presents mixed expression of antenna and eye selector genes. The repressive action of bowl that we describe here might have been essential for the coalescence of cells deriving from several different embryonic cephalic segments into a single imaginal disc, as well as for the formation of the head structures of adult cyclorraphan flies, such as Drosophila.
